INTRODUCTION

Tritium (
3 H), a radioactive isotope of hydrogen with a 12.3 year half-life, is produced naturally by the interaction of the atmosphere with cosmic rays. It is also generated by human activity including the operation of nuclear power plants and nuclear explosions, such as weapons testing. Tritium is oxidized to water and has been incorporated into the Earth's hydrological cycle. Tritium is also one of the radionuclides which was emitted by the Fukushima Dai-ichi Nuclear Power Plant (F1-NPP) accident in 2011. Numerous reports have described radiocesium (e.g., Buesseler et al., 2017) and radioiodine (e.g., Oura and Ebihara, 2012; Hou et al., 2013; Xu et al., 2013 Xu et al., , 2016 in environmental water following the accident. These radionuclides were studied because they were released in large amounts and they are more easily ons testing conducted in the 1960s (Povinec et al., 2010) . Although 3 H is less important from the perspective of radiation protection for humans than other radionuclides such as 137 Cs, it is still necessary to assess the state of 3 H levels in the environment. To trace tritium derived from F1-NPP and to estimate how much tritium was released from the Fukushima nuclear accident, we investigated the tritium distribution in ocean waters offshore of Fukushima.
METHODS
Seawater sampling was conducted on a cruise of the research vessel Yokosuka of the Japan Agency of MarineEarth Science and Technology (JAMSTEC), in the northwestern Pacific Ocean two months after the accident in May 2011 (cruise YK11-E02). The cruise was one of the research activities conducted by the Japanese government, with the aim of monitoring the marine distribution of radionuclides released from the F1-NPP accident in coastal areas (Oikawa et al., 2013) . During the same cruise JAMSTEC also collected replicate seawater samples for backup. Among the backup samples, we received those collected at 13 stations in coastal areas near the F1-NPP. Table 1 . Approximately 10 L of surface and deeper seawater (from a water depth of more than 50 m) was collected with a Niskin-X bottle at each station. The unfiltered seawater was acidified on board by adding concentrated nitric acid within 24 h after sampling.
Tritium concentrations were measured in the collected samples using the helium-3 ingrowth method at two laboratories (AORI, the University of Tokyo, Japan and ETH Zurich, Switzerland). After neutralization, filtration, and distillation of the seawater samples, they were placed into stainless steel bottles or copper tubes. All dissolved gases, including helium, were extracted from the seawater by pumping and shaking the samples in an ultrasonic bath or by transfer into a cryogenic trap under ultra-high vacuum conditions (Beyerle et al., 2000) . The completely degassed water samples were sealed in the containers. Several months later, 3 He produced by 3 H decay was analyzed using a conventional noble-gas mass spectrometer at AORI (Helix-SFT; GV Instruments Ltd.) and a noncommercial compressor source mass spectrometer at ETH Zurich (Baur, 1999) . Tritium concentrations were measured indirectly from the measured 3 He amounts. The detection limit and the analytical uncertainties of the 3 H measurements were estimated to be about 0.01 Bq/L and 10%, respectively. Radioactive decay was corrected for as of the sampling date.
The concentrations of radiocesium ( 137 Cs) in seawater samples collected during the YK11-E02 cruise have been published in Oikawa et al. (2013) . However, most of the reported values were "below the detection limit (about 10 kBq m -3 )" because they were measured without precondensation of the seawater sample.
In this study, 100 ml of each backup seawater sample was dried and the radiocesium in the resulting sea salt was measured with a low-background Ge-detector (WelltypeGCW2022-7915-30-ULB, Canberra Industries, Inc.) in a JAMSTEC laboratory. The detection limit and the analytical uncertainties of the 137 Cs measurements were estimated to be approximately 0.1 Bq/L and 4%, respectively. Radioactive decay was corrected as of the sampling date. 500, 1000, 2000, 3000, 4000, and 5000 m. concentrations are observed in the surface water layer, while lower concentrations result from its radioactive decay deeper in the water column, below a depth of 2000 m. Povinec et al. (2013a) estimated the pre-Fukushima 3 H concentration (or the global fallout background) in surface northwestern Pacific waters as 0.6 ± 0.1 TU, equivalent to 0.07 ± 0.01 Bq/L, based on data stored in the GLOMARD/MARIS database. Such 3 H activity is also in line with the data summarized in the WOCE Hydrographic Atlas (accounting for the radioactive decay of 3 H since publication of the respective maps; Talley, 2007) . It should be noted that in the following discussion we refer to the measured 3 H concentrations in terms of "high" and "low" with respect to this estimation of the pre-Fukushima radioisotope activity. The observed 3 H concentrations in our study were higher than the preFukushima 3 H levels, but the highest concentration was only about four times the global fallout background. This is consistent with observations reported by Povinec et al. (2013a) . They reported tritium concentrations observed in a similar region in June 2011 to be only about a factor of 3 higher than the global fallout background. However, 137 Cs concentrations were much higher than the global fallout background, which was estimated as 1 mBq/L (Povinec et al., 2013a sistent with the outcome of the numerical modeling of surface-water 137 Cs concentrations reported by Tsumune et al. (2012) and Uchiyama et al. (2013) . Their simulations indicated that the 137 Cs released directly from the F1-NPP was initially advected along the coast by northward/southward coastal currents. Radiocesium was then transported eastward to the open ocean by a mesoscale eddy. The authors reported that mesoscale eddies play an important role in offshore transport in this area, resulting in very complex tracer behavior. Kubota et al. (1981) obtained surface current records off the Fukushima coast, indicating the existence of periodic current fluctuations every 100 hours. Kubota (1985) performed numerical experiments on these periodic current fluctuations and concluded that the fluctuations observed in the inshore region along the coast are due to motions associated with the continental shelf waves. Nevertheless, direct observations are ultimately needed when discussing the transport of radionuclides in the investigated area, because of the complexity of the current pattern.
RESULTS AND DISCUSSION
137 Cs appears to be more enriched along the coast to the North and South of the F1-NPP, but not further offshore. Tritium shows a similar pattern, although its absolute concentrations are significantly lower compared to those of 137 Cs. Visual comparison of the data plotted in Fig. 2 Figure 3 shows the temporal variation of the 3 H and 137 Cs concentrations in surface seawater. As no apparent correlation was found between the sampling date and 3 H or 137 Cs concentrations, the high 3 H and 137 Cs concentrations do not seem to have been deposited from the atmosphere or precipitated as rain. This is supported by the Fig. 2 observation of high concentrations of 3 H and 137 Cs in deeper water layers (down to a depth of 50 m; see Table  1 ). Thus, large variations even within a single sampling day suggest that the radioisotopes were carried mainly by water currents from the F1-NPP. Figure 4 includes diagrams showing the distance from the F1-NPP to the sampling sites and the respective concentrations of 3 H and 137 Cs. In both Figs. 3 and 4, no correlation was found between time/distance and the radioisotope concentrations. This is consistent with the hypothesis that the 3 H distribution was controlled by advection of water currents rather than diffusion, as described above. Figure 5 presents the 3 H concentrations plotted against the 137 Cs concentrations in the collected surface seawater samples. A positive correlation between the measured radioisotope concentrations (R = 0.54, p = 0.017) indicates that both radionuclides have the same origin. Moreover, the 3 H/ 137 Cs ratio was calculated as 0.012 ± 0.007 from the slope of the correlation. This value is similar to the inventory ratio of 3 H/ 137 Cs in stagnant water released from the damaged reactors at the F1-NPP, which is about 0.01 as shown in Fig. 6 (Nishihara et al., 2015) . The agreement of the 3 H/ 137 Cs ratios indicates that both radionuclides might have originated from the F1-NPP and were not affected by significant elemental fractionation. Using the observed 3 H/ 137 Cs ratio in surface seawater, the 3 H direct emissions from the F1-NPP area to the ocean can be estimated. Tsumune et al. (2012) estimated the direct 137 Cs emissions to the ocean as being about 3.5 ± 0.7 PBq, based on simulations and observations of 137 Cs in surface seawater. Several other research groups have also estimated direct discharge to the ocean using ocean circulation models in combination with empirical 137 Cs data. Their estimation was 3-6 PBq (Aoyama et al., 2016) . Multiplying the total 137 Cs emission by the 3 H/ 137 Cs ratio determined in our work should allow quantification of the direct 3 H emission from the F1-NPP to the ocean. This is estimated at about 0.05 ± 0.03 PBq. Povinec et al. (2017) inferred the total 3 H amount released and deposited over the northwestern Pacific Ocean to be 0.3 ± 0.2 PBq from the 3 H/ 137 Cs activity ratio measured in the water column and the 137 Cs release into the sea estimated by Aoyama et al. (2016) . The total release of 3 H estimated by Povinec et al. (2017) is much higher than that determined in the present study of 0.05 ± 0.03 PBq. This is quite reasonable, considering that sample collection in of radiation risk for humans, it is necessary to assess its release into the environment. To trace tritium released from the Fukushima nuclear accident, we investigated the tritium concentration distribution in the ocean offshore of the Fukushima area. Tritium concentrations were found to be 0.08-0.29 Bq/L in the surface water. Although the maximum tritium concentration was apparently higher than the global fallout background, it was only as high as the tritium concentration in the precipitation in Tokyo at present. A positive correlation exists between the 3 H and 137 Cs concentrations in surface seawater, which suggests that both radionuclides have the same origin. From this correlation and previously estimated 137 Cs emissions into the ocean, the direct release of tritium from the F1-NPP into the ocean was estimated at about 0.05 PBq immediately after the accident. This is much less than the total inventory in the environment. the present study was carried out two months after the F1-NPP accident, whereas sample collection in Povinec et al. (2017) was performed three months after the accident. The one month difference might explain such a difference in the tritium release estimations. Tsumune et al. (2012) reported that 137 Cs concentrations decreased to less than 10 Bq/L by the end of May 2011 in the whole simulation domain, as a result of oceanic advection and diffusion. Moreover, our sampling sites were closer (~50 km) to the F1-NPP compared to the study of Povinec et al. (2017) (~150 km) . Hence, our estimation should be more reliable. Figure 6 summarizes the tritium budget in the F1-NPP and in the environment. The total inventory of 3 H in the three damaged reactors of the F1-NPP was estimated as about 3.4 PBq (Nishihara et al., 2015) . Directly released 3 H from the F1-NPP was estimated as about 0.05 PBq in our study, which is equivalent to only 2% of the inventory in the damaged F1-NPP reactors. Moreover, the total inventory in the ocean is estimated to be about 10,000 PBq at present (Povinec et al., 2010) . The direct release of 3 H from the F1-NPP of 0.05 PBq determined in this study is thus much less than the total inventory in the environment. As the highest activity concentration of 3 H of 0.29 Bq/L is far below the MCL of 3 H for drinking water, tritium release from the F1-NPP by the accident is not likely to result in severe effects on the environment or on human health.
Correlation between 3 H and 137 Cs concentrations
CONCLUSIONS
Tritium is a radionuclide that was emitted from the F1-NPP accident. Although 3 H is less important in terms
